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Ever since d'Herelle's announcement of the discovery of lyric prin- 
ciples for bacteria now collectively called bacteriophage, interest and 
debate have  centered on the nature of the active agent.  The two 
main points of view and bases of contention relate bacteriophages re- 
spectively to living organisms (ultramicroscopic viruses parasitic on 
living bacteria),  and  to  agents  of unknown but  simpler structure, 
originating in the bacteria themselves and affecting living bacteria by 
direct chemical, possibly enzymatic or catalytic, action. 
It has occurred to a number of investigators to seek evidence as to 
the nature of bacteriophage by a  study of its reaction to ultraviolet 
light, in the hope that a direct comparison with the bactericidal action 
of ultraviolet energy would show significant similarities or differences. 
In each instance the results have been disappointing.  Though it has 
been shown repeatedly that bacteriophages are destroyed by exposure 
in broth, in salt solution, or on agar plates to the total or filtered radia- 
tions of the sun or of artificial fight sources, no critical estimates of the 
incident energies involved or of the effective wave-lengths have been 
undertaken.  Without describing in detail the methods used or the 
results obtained, for example by Zoeller (1), Gerretsen, Gryns, Sacks, 
and Sohngen (2),  Gfldemeister (3),  Biemond (4),  or Appelmanns (5), 
one may conclude with the authors themselves that their studies were 
not  sufficiently critical  to  give an unequivocal result.  Usually the 
only estimate of the energy involved in inactivation of phage has been 
a comparison with the time required to sterilize a bacterial suspension, 
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and such ratios range  from  1:1 (Gildemeister (3))  and 1.5 : 1  (Zoeller 
(1)) to 8+: 1 (Gerretsen  (2)),  after exposure to the entire spectrum. 
But  even  if  the  total  incident  energies  had  been  measured  with 
thermopile and galvanometer, and if quantitative methods of estimat- 
ing the percentage destruction of both bacteriophage and bacteria had 
been available (6), such figures would be useless for comparison unless 
the energies involved at single wave-lengths were determined.  Differ- 
ent wave-lengths in the ultraviolet have  qualitatively and  quantita- 
tively very different specific actions on biological materials, depending 
on specific absorption and the resulting photochemical reactions.  It 
can hardly be overemphasized that for analytical studies of these re- 
actions monochromatic energy must be used. 
Recently we have been engaged in an extended study of the  bac- 
tericidal  action  of  ultraviolet light,  using monochromatic  radiations 
and measured energies  (6).  It was thought  that  these quantitative 
observations on S.  aureus  and B.  coli might  serve as a  basis of com- 
parison in a  more critical examination  of the reactions of its specific 
bacteriophage.  A  quartz  monochromator  (6),  with  thermopile  and 
galvanometer  for energy measurements  in  absolute units,  served to 
bring ultraviolet radiations of known wave-length and incident energy 
to the plane  of exposure.  But many difficulties were experienced in 
devising a method for a quantitative estimate of inactivation of phage. 
The  impossibility of equal,  coincident exposure of all the units in a 
fluid medium required the distribution of the bacteriophage on a plane 
surface similar to that of the control bacteria on agar plates.  Hence 
the destruction of phage was to be estimated by counting plaques in 
exposed and in unexposed, control areas rather than by dilution limits. 
EXPERIMENTAL 
In the earlier experiments phage and bacteria were mixed in suspension, washed 
on to the agar surface, and exposed coincidentaUy.  With suitable concentrations 
of phage and bacteria discrete colonies  developed in the control areas and all showed 
partial or complete lysis after 18 to 42 hours' incubation.  In the exposed areas 
partial  or complete destruction  of the bacteria  occurred.  When many bacteria 
survived and subsequently formed colonies, some showed lysis and some did not, 
indicating partial destruction of the phage also.  It was typical to find that when 
but a few colonies of S. a~reus developed, they were at first apparently free from 
phage, and in the early hours of incubation it appeared that the phage was the :FREDERICK L.  GATES  181 
more susceptible.  But  when incubation  was prolonged,  so that  the  surviving 
colonies spread  more widely over the exposed area,  lysis almost always began 
locally at the edges.  This was interpreted to mean that in other instances phage 
had survived when the particular bacterium on which it had been adsorbed  had 
succumbed either to lysis or to ultraviolet exposure.  Consequently, no conclusion 
could be drawn as to the relative susceptibility of bacteria and bacteriophage from 
such experiments. 
It was then proposed to distribute  the phage alone on the agar surface,  to 
expose areas to the ultraviolet light, and to wash or spray a suspension of S. aureus 
on the agar to serve as an index of survival of phage by plaque formation.  Re- 
peated attempts to obtain an even distribution of bacteriophage by washing the 
agar surface  with  dilute  phage  suspensions  proved the  method  unsatisfactory. 
Finally, it was found that unless the phage was actually in contact with a surface 
layer of bacteria, plaques were not formed.  Thus, phage could be mixed with the 
nutrient agar before plates were poured, and when a layer of bacteria was subse- 
quently sprayed on, only those units of phage which were on the surface gave rise 
to plaques.  That no appreciable extension of deeper phage units to the surface 
occurred was shown by the fact that a drop of plain agar at 39°C. pressed out in a 
very  thin  layer on  the phage-covered surface  showed no plaques  by diffusion 
through its substance, and even a simple rinsing of the surface of the phage-agar 
with  broth or a  bacterial  suspension  reduced the subsequent  plaque formation 
almost to zero.  After irradiation of the phage-agar plates,  S.  oureus had to' be 
sprayed on to the level surface in a fine mist, lest the surface units of phage be dis- 
placed.  Then a  covering layer of viscid,  quick setting agar at  39°C.  could be 
poured slowly over the surface as in the bactericidal experiments (6), without dis- 
turbing either bacteria or phage.  So the method finally adopted was as follows: 
The  strain  of S.  aureus  used previously in  the bactericidal  studies,  and its 
specific bacteriophage,  isolated  by Dr.  Bronfenbrenner  in  1922,  and  available 
through his kindness, were employed in the present investigation.  Bacteriophage 
suspensions, filtered through Chamberland filters,  with a titre of 10e-10  ~, were so 
diluted with nutrient broth as to produce discrete, easily counted plaques when 
mixed with nutrient 2 per cent agar and poured in small Petri plates.  As already 
stated, these plaques developed only in the agar interface after the surface had been 
sprayed with a heavy suspension of an 18 hour culture of S.  aureus and covered 
with a second layer of sterile agar at 39°C. 
After the phage-agar had set, and before the S. aureus was sprayed on to serve 
as an indicator of destruction of phage, the small Petri plates and others, without 
phage, but spread with S. a~reus as in the bactericidal study (6) for comparison, 
were irradiated with single wave-lengths of measured ultraviolet energy in timed 
exposures.  At least  two experiments  were performed at each wave-length and 
each experiment consisted of four similar series of six exposures,  two per plate. 
The exposed phage plates were then sprayed with a heavy suspension of S. aureus 
to produce a confluent growth, and both the phage plates and the exposed control 
plates of S.  aureus were covered with a second layer of agar and incubated over- 182  IRRADIATION  OF  S. AIFREUS  BACTERIOPHAGE 
night at 37.5°C.  Then the plates were set up in a mechanical stage under a micro- 
scope, and  plaques or colonies were counted in definite areas between  parallel 
lines and between stops on the mechanical stage.  Three control counts in unex- 
posed areas were alternated with the counts of the two exposed areas on each plate 
and destruction of phage or of bacteria was estimated  by  comparison.  Some 
unevenness  of plaque distribution introduced appreciable errors in  the  control 
counts, which tended to cancel out as the number of observations at each wave- 
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FIo. 1.  A comparison of the bactericidal action and destruction of bacteriophage 
(S. aureus) at wave-length 266 m/z.  The curves are each the averages of smoothed 
curves from two experiments and have been extrapolated from 92 per cent and from 
97 per cent respectively to 100 per cent destruction. 
length increased.  Relatively smooth curves could therefore be drawn  through 
the points of observation. 
Thus at each wave-length a series of readings was obtained, showing progressive 
inactivation of phage with increasing exposure.  At the same time a direct com- 
parison could be made with the effects of similar exposures on S. aureus in bac- 
tericidal tests under similar experimental conditions. 
DISCUSSION 
Fig. i a  shows the bactericidal action  and  the  destruction  of phage 
at k  266  m#  in a  summary  of typical results.  The curves  are  each FREDERICK  i.  GATES  183 
the averages of smoothed curves from two experiments (c].  6)  and 
have been extrapolated from 92 per cent, and from 97 per cent, to 100 
per cent destruction, respectively.  Although the reaction curves do 
not run strictly parallel, their general shape is the same:  the bacterio- 
phage units required somewhat more energy for their destruction than 
did the bacteria themselves.  The energy relationship is best shown 
by plotting the energy logarithmically (Fig. 1 b). 
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FIG.  2.  (a)  Curves  showing  the  inactivation  of S.  aureus  bacteriophage  at 
different wave-lengths.  For comparison all of the curves have been reduced to the 
same energy scale by figuring the ratios of the energies involved in partial destruc- 
tion to those for total destruction and plotting the resulting curves together.  In 
(b) all curves are averaged to give the average shape of the reaction curve. 
Except for differences in the incident ultraviolet energy involved at 
different wave-lengths, similar curves were obtained with the results 
at X 297, 280, 253, 248, 238, and 230 m#.  In each experiment essen- 
tially similar curves, at somewhat different energy levels, were found 
for bactericidal action and destruction of phage.  Since the energies 
required for complete phage destruction range from 710  (k 266)  to 
7,250 (X 297) ergs per sq. ram. of exposed area, it is not convenient to 184  IRRADIATION  OF S. AUREUS  BACTERIOPHAGE 
assemble them on a  single chart, but they may be more closely com- 
pared by computing the ratios of the energies involved in partial de- 
struction to those for total (100 per cent) destruction and plotting the 
resulting curves together, as in Fig. 2 a.  Some of the curves are  con- 
vex  above  and  some  below  the  average  line,  indicating that  these 
variations are indifferent and due to experimental errors.  When the 
curves are  averaged, as in Fig. 2 b,  the errors appear to  cancel  out, 
and throttgh most of its course the curve shows a  true exponential 
x= 28o-~9~ rn/z 
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FIG. 3.  Curve showing the variation in resistance of S.  aureus  to different 
incident energies of ultraviolet radiation.  The points are plotted from the data of 
Fig. 2b refigured  as a curve of probability. 
relationship of energy to effect.  Were the line straight, it would indi- 
cate that no phage was destroyed until 10 per cent of the energy re- 
quired for total destruction had been involved in the reaction.  The 
deviation, therefore, points to the presence of less resistant units of 
phage,  which  are  destroyed early.  In  the  bactericidal study of S. 
aureus  (6) a similar deviation at the beginning of the curve of destruc- 
tion was likewise attributed to the early loss of less resistant organisms, 
but could result from the presence of clumps of the bacteria.  Experi- ~F1LEDERICK L.  GATES  185 
ments  of d'Herelle  (7)  have  indicated  that  differences occur in  the 
resistance of phage units to harmful  agents. 
On the  other hand,  if the  particulate  nature  of bacteriophage  be 
emphasized as a basis of interpretation,  the entire course of the curve 
can  be postulated  as one of probability  (Fig.  3),  due to continuous 
variations  in the  resistance  of the  particles over the  entire  range  of 
Zegs pop sc~mm. 
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FIG. 4.  A comparison of the incident energies per square millimeter of exposed 
agar surface required for 50 per cent inactivation  of phage and for bactericidal 
action on 50 per  cent of S. aureus.  The points are plotted from the data of Fig. 2 
(~. Gates (6),  1930-31). 
action of the monochromatic light.  But because of errors of distribu- 
tion in the plates, the early portion of the curve is the least accurafe, 
and we prefer not to lay stress either upon its deviation from a straight 
line or, on the other hand, upon its general similarity to the curves for 
monomolecular chemical reactions.  It should be emphasized that the 
curves in Figs.  1 to 3 indicate only the general course of the reaction 
and  give  no  evidence  of  the  mechanism  involved.  At  the  present 186  IRRADIATION OF  S.  AUREUS  BACTERIOPHAGE 
state of our knowledge similarities either to probability curves or to 
monomolecular reaction curves have no determinative significance. 
What is more important at present is a demonstration of the energies 
at different wave-lengths that are required to effect a similar destruc- 
tion of phage, and a comparison of these energy values with those for a 
corresponding destruction of S. aureus.  For this purpose the incident 
energies per square millimeter of exposed agar surface req~uired for 50 
per cent inactivation of phage and for bactericidal action on 50 per 
cent of S.  aureus have been read from the curves and are plotted in 
Fig. 4.  The similarity of the curves is striking and can only be due to 
an essential similarity of the underlying reactions.  Stress is laid on 
the practical identity of the curves in shape, rather than on the rela- 
tive  energies,  in  ergs,  involved  in  the  two  reactions.  The  energy 
values obtained in  any one series of observations depend on certain 
experimental conditions which vary in different series of experiments, 
though they may be held practically constant over a given period of 
observation.  For example, we have included in Fig. 4 two curves for 
50 per cent destruction of S. aureus.  One was obtained in  1923, the 
other is from the control data of the present series.  We do not know 
why the incident energies required in  1923  are different from those 
involved in 1927.  But what is essential is the similarity in shape of 
the bactericidal curves, and the relation to one another of the energies 
required at different wave-lengths.  So with the curve for bacterio- 
phage inactivation, the relative, and not the absolute energy values at 
different wave-lengths, and the similarity in the shape of the curve to 
that for bacterial destruction are its significant features. 
Something of the significance of the bactericidal curves is already 
known (8).  They are almost the reciprocals of those for the specific 
absorption of ultraviolet light by protoplasm, by proteins, by certain 
amino acids and nucleoproteins (8), and by certain enzymes (9).  It is 
axiomatic that specific light absorption is fundamental to the reaction 
of such biological materials to ultraviolet light. 
Unfortunately  we  have  no  method  of  correcting  the  incident 
energies for the destruction of phage by the absorption coefficients for 
bacteriophage  at  different wave-lengths, whatever they.may be, for 
specific light absorPtion is masked by the presence in the phage sus- 
pensions of light-absorbing materials from the nutrient broth and the FREDERICK  L.  GATES  187 
lysed bacteria.  But even without having the absorption coefficient 
available  for  purposes of correction,  the  similarity of the  incident 
energy curves for inactivation of phage and bactericidal action permits 
a  clear conclusion to be drawn: the essential reactions that result in 
the death of bacteria and in inactivation of phage follow similar paths. 
When, however, a  deduction as to the nature of bacteriophage is 
attempted from this fact, it is evident that more than one interpreta- 
tion is possible.  The simplest and most obvious would be that bac- 
teriophage is essentially of the same nature as bacteria; i.e., that it is a 
microorganism (7, 10), containing the same light-sensitive elements as 
do bacteria, and reacting to exposure by the same photochemical proc- 
esses.  A related possibility would postulate that bacteriophage may 
not be living protoplasm (11),  but some highly Qrganized product of 
bacteriolysis (12), chemically similar to certain constituents of proto- 
plasm essential to life, with similar absorption coefficients and similar 
ultraviolet susceptibility.  Since proteins and some amino acids and 
enzymes have absorption curves almost the reciprocals of bactericidal 
incident energies, the present evidence does not permit a  choice be- 
tween these two hypotheses. 
Such interpretations and conclusi6ns have not been acceptable to 
all of those with whom we have discussed the matter.  An alternate 
interpretation is also based on the inevitable presence in the exposed 
phage  suspensions  of  the  products  of  bacteriolysis.  It  might  be 
assumed that  it is indeed these products whose specific ultraviolet 
absorption and photochemical reaction are represented by the curve of 
inactivation of phage.  But the phage itself may be of entirely un- 
known nature, and of unknown ultraviolet absorption and suscepti- 
bility.  It may be so intimately united with these products of bac- 
teriolysis that the relationship is essential tothe activity of phage and 
a change in this relationship by photochemical change in the bacterial 
element even though the phage element be unaffected may result in 
total and irremediable phage inactivation. 
SUMMARY 
The incident energies required to kill Staphylococcus  aureus  or to 
inactivate its homologous bacteriophage have been measured at the 
various wave-lengths of the quartz mercury vapor arc between 238 188  IRRADIATION OF  S.  AUREUS BACTERIOPHAGE 
and 302 m/z and found to run strictly parallel, the readings for the S. 
aureus phage being obtained at a uniformly higher energy level.  This 
difference in levels is of less significance than the striking similarity in 
the shapes of the energy curves, which indicate that in both instances 
the same organic structures are absorbing the radiations.  The results 
are open to three interpretations.  The most obvious is that the bac- 
teriophage is a  submicroscopic organism.  Again, it is possible  that 
the bacteriophage is a product of its own lyric action on the homolo- 
gous bacterium and  contains the essential structural units which in 
S.  aureus  also are destroyed by ultraviolet light and thus cause the 
death of the organism.  A third, more remote explanation is that the 
phage, of wholly unknown nature, is absorbed on S.  aureus material 
in so intimate a bond that the alteration of this material by irradiation 
renders the phage incapable of further lyric activity. 
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